Association of perfluoroalkyl substances exposure with reproductive hormone levels in adolescents: By sex status. Environment International, 94, This file was downloaded from: https://eprints.qut.edu.au/95732/ Abstract 1 Polyfluoroalkyl substances (PFASs) are a group of common chemicals that ubiquitously exist 2 in wildlife and humans. However, few studies have researched the effect of PFASs on 3 reproductive hormones in adolescents. To provide information in this regard, we recruited 4 225 Taiwanese adolescents aged 13-15 years from 2009 to 2010 to investigate the 5 relationship between serum PFASs (PFOS, PFOA, PFBS, PFDA, PFDoA, PFHxA, PFHxS, 6 PFNA and PFTA) and reproductive hormone concentrations using a cross-sectional study 7 design. Results showed PFOS and PFTA levels were highest among the PFASs, with a 8 median concentrations of 29.9 (interquartile range: 13.0-43.8) ng/mL and 6.0 (0.6-25.9) 9 ng/mL in males, and a median concentrations of 28.8 (14.8-42.6) ng/mL and 4.5 (0.3-18.4) 10 ng/mL in females. After adjustment for confounding factors, nonsignificant associations 11 between PFASs and reproductive hormone were found except for PFNA with ln(estradiol) 12 (β=0.2060, 95%CI: 0.0016, 0.4105). When stratified by sex, more significant associations 13 were found in males than in females. Among males, PFASs were negatively associated with 14 ln(testosterone) level for PFOS (β=-0.0029, 95%CI: -0.0055, -0.0003), PFDA (β=-0.2565, 15 95%CI: -0.4135,-0.0994), PFHxA (β=-0.3095, 95%CI: -0.5942,-0.0248), and PFNA (β=-16 0.4233, 95%CI:-0.6998, -0.1467). Furthermore, male participant ln(estradiol) levels were 17 positively associated with PFOA (β=0.0921, 95%CI: 0.0186, 0.1656), and PFHxS (β=0.0462, 18 95%CI: 0.0020, 0.0905). Among females, a significant relationship was found only for 19
Abstract: Polyfluoroalkyl substances (PFASs) are a group of common chemicals that ubiquitously exist in wildlife and humans. However, few studies have researched the effect of PFASs on reproductive hormones in adolescents. To provide information in this regard, we recruited 225 Taiwanese adolescents aged 13-15 years from 2009 to 2010 to investigate the relationship between serum PFASs (PFOS, PFOA, PFBS, PFDA, PFDoA, PFHxA, PFHxS, PFNA and PFTA) and reproductive hormone concentrations using a cross-sectional study design. Results showed PFOS and PFTA levels were highest among the PFASs, with a median concentrations of 29.9 (interquartile range: 13.0-43.8) ng/mL and 6.0 (0.6-25.9) ng/mL in males, and a median concentrations of 28.8 (14.8-42.6 ) ng/mL and 4.5 (0.3-18.4) ng/mL in females. After adjustment for confounding factors, nonsignificant associations between PFASs and reproductive hormone were found except for PFNA with ln(estradiol) (β=0.2060, 95%CI: 0.0016, 0.4105). When stratified by sex, more significant associations were found in males than in females. Among males, PFASs were negatively associated with ln(testosterone) level for PFOS (β=-0.0029, 95%CI: -0.0055, -0.0003), PFDA (β=-0.2565, 95%CI: -0.4135,-0.0994), PFHxA (β=-0.3095, 95%CI: -0.5942,-0.0248), and PFNA (β=-0.4233, 95%CI:-0.6998, -0.1467). Furthermore, male participant ln(estradiol) levels were positively associated with PFOA (β=0.0921, 95%CI: 0.0186, 0.1656), and PFHxS (β=0.0462, 95%CI: 0.0020, 0.0905). Among females, a significant relationship was found only for PFDoA with ln(testosterone) (β=-0.0119, 95%CI: -0.0227, -0.0010). In conclusion, this study showed higher levels of PFASs coincide with lower testosterone and higher estradiol levels, and more significant associations of PFASs with reproductive hormone were found in males than in females.
Introduction 1
Reproductive hormones determine sex differences and control organ function and skeletal 2 muscle growth. Testosterone and estradiol, which are steroid hormones, are primarily 3 secreted from testes in males and ovaries in females (Cheng et al. 2010; Wall et al. 2014) . 4 Small amounts of both hormones are released by the adrenal glands in both sexes (Shea et al. concern. Until now, most PFASs toxicity studies have investigated developmental deficits Several studies have found that the PFAS affect the endocrine system in vivo and in vitro 21 (Jensen et al. 2008) . Animal studies have demonstrated that a higher exposure to PFOA concentrations is associated with lower testosterone levels and higher estradiol levels in male 1 adult rats (Biegel et al. 1995) . For PFOS, higher exposure was associated with lower estradiol 2 levels in male monkeys (Seacat et al. 2002) and decreased testosterone levels in male fish 3 (Arukwe et al. 2013) . Furthermore, PFNA is associated with a dramatic decrease in 4 testosterone levels and an elevation in estradiol levels in rats (Feng et al. 2009 ). and estradiol. Serum was extracted from red blood cells, stored in tubes, and chilled prior to 10 being shipped to an analytical laboratory. We measured reproductive hormones in serum by 11 immunoluminometric assay with an Architect random access assay system (Abbott 12 Diagnostics, AbbottPark, IL). The limit of detection (LOD) for estradiol and testosterone 13 were 18 pmol/L and 0.23 nmol/L, respectively. Volumes used for analyses were 50 μL for 14 testosterone and estradiol. All the measurements were duplicated and the average of the two 15 values was calculated and used as the concentrations of each sample. The intra-assay 16 coefficients of variation of these measurements were all below 10%, and the inter-assay 17 coefficients of variation were all below 15%. A total of 67% of the blood samples were drawn 18 before 12:00 hours, and 33% between 12:00-17:00 hours. with acceptable normality and homogeneity were given as the mean ± SD, otherwise, they were given as median and quartile 1(Q1)-quartile 3(Q3). The t-test was used to compare the 1 normal distributed continuous variables between sex. Because PFAS concentrations were 2 highly skewed, we utilized the Wilcoxon rank-sum test to compare PFAS concentrations 3 between sex. Associations between categorical variables were tested by use of contingency 4 tables and the Chi-square test. Multiple general linear models were used to estimate the 5 association of reproductive hormone levels with a single PFASs exposure variable adjusted 6 for identified covariates. Analyses were sex-stratified, but we also investigated differences by 7 sex including the interaction of this variable with the contaminants in the joint models (i.e., 
Results

1
The basic characteristics of the study cohort are shown in Table 1 . The mean age of all 2 participants (n=225) was 13.6±0.7 years; there was no significant differences by child sex Material, Table S1 ].
18
Additionally, the correlations between PFAS pollutants are presented in the Supplementary   19   Material Table S2 . Overall, many significant correlation coefficients of various PFAS 20 pollutants were found, ranging from 0.139 for PFHxS and PFTA to 0.794 for PFDA and When boy and girl data were pooled together, none of the PFASs were significantly 1 associated with serum levels of estradiol among the participants except for PFNA with 2 ln(estradiol) (β=0.2060, 95%CI: 0.0016, 0.4105). Furthermore, a negative trend for 3 association with testosterone concentrations was significant for PFOS ( Figure 1) .
Discussion 1
In the present study, we found that higher serum levels of PFASs were associated with lower 2 testosterone and higher estradiol concentrations in adolescents, especially in C6-C9.
3 Moreover, the reproductive hormone levels of males were significantly influenced by PFASs 4 concentrations.
6
Our results show that PFOS and PFTA levels represented the highest concentrations of PFASs, 7 with a median of 29.9 ng/mL and 6.0 ng/mL in boys, and a median of 28.8 ng/mL and 4.5 8 ng/mL in girls. The median concentrations of PFOS in adolescents in this study are much 9 higher than average concentrations reported in American children aged 0-12 (Schecter et al. The present study shows that the concentration of PFASs in male and female adolescents is Table   20 S4]. Our results demonstrate that higher selected PFASs concentrations decrease the 21 testosterone level and increase the estradiol level, and these associations were more apparent in males than in females. These results are similar to other recent findings (Joensen et al. (USA) with local contamination from PFOA. The results showed that PFOS concentrations 5 (median: 22 ng/mL for boys, and 21 ng/mL for girls) were significantly associated with 6 testosterone levels in boys (-5.8%, 95%CI: -9.4, -2.0%) and in girls (-6.6%, 95%CI: -10.1, -7 2.8%), and a significant delay of age pubertal development (defined by testosterone levels > 8 50 ng/dL) was also found for PFOS in boys of the same population (Lopez-Espinosa et al. recruited 540 Taiwanese participants aged 12-30 years from the same area as our study to due to aromatase induction and also inhibited testosterone release from Leydig cells (Biegel In addition, a systematic review (Ng et al. 2014) indicated that PFASs and the serum albumin 1 bind affinitively, which appears to reach its peak between 6 and 10 perfluorinated carbons. The strength of this study is the research into a complete set of PFASs exposure and their 7 influence on reproductive hormones. Moreover, the study clearly demonstrated changes in 8 reproductive hormone levels in pubescent adolescents, which may have a profound influence 9 in the development of their reproductive functions. However, we should also carefully 10 interpret these results. First, we should be concerned about the possible effect of smaller 11 sample size on results. As the results shown in Table 1 , the sample size of participants was 12 only 225. As known, increasing sample size is often the easiest way to boost the statistical 13 power of a test, so, future studies will need to be undertaken to verify this point. Second, 14 serum sex steroid concentrations may have variable diurnal cyclicity, and interpretation of 15 levels is challenging (and sometimes controversial) even without trying to elucidate their 16 relationship with PFAS. Therefore, with the childhood hormone changes in mind, the results 17 of present study might be not totally comparable with results in adults.
18
The limitations of these analyses should be noted. Firstly, due to the cross-sectional study In conclusion, we found that those PFASs with 6-10 perfluorinated carbons (PFOS, PFOA, 7 PFDA, PFHxS and PFNA), significantly influenced reproductive hormone levels male 8 adolescents. These higher PFASs levels were associated with lower testosterone and higher 9 estradiol levels in 13-15 year old boys. Long-term cohort research is needed to further clarify 10 these associations. (0.0016 to 0.4105) (-0.0115 to 0.6522) (-0.0758 to 0.3263) PFTA 0.0003 -0.0003 0.0007 0.215 (-0.0005 to 0.0011) (-0.0014 to 0.0009) (-0.0001 to 0.0014) Figure 1 . Serum concentration of testosterone among children according to quartiles of PFOS exposure. The data are expressed as estimated mean and 95% CI adjusted for All models are adjusted for age, gender, BMI, ETS exposure, parental education, regular exercise, and month of survey. p-Values for trend were calculated using categories representing the median value of the corresponding quartile.
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